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Abstract. We present near-infrared H-band imaging of 15 intermediate redshift (0.5 < z < 1) radio quiet quasars (RQQ)
in order to characterize the properties of their host galaxies. We are able to clearly detect the surrounding nebulosity in 12
objects, whereas the object remains unresolved in three cases. For all the resolved objects, we find that the host galaxy is well
represented by a de Vaucouleurs r1/4 surface brightness law. This is the first reasonably sized sample of intermediate redshift
RQQs studied in the near-infrared.
The RQQ host galaxies are luminous (average MH = −26.3± 0.6) and large giant elliptical galaxies (average bulge scale length
Re = 11.3 ± 5.8 kpc). RQQ hosts are ∼ 1 mag brighter than the typical low redshift galaxy luminosity L∗, and their sizes are
similar to those of galaxies hosting lower redshift RQQs, indicating that there is no significant evolution at least up to z∼1 of
the host galaxy structure. We also find that RQQ hosts are ∼ 0.5 − 1 mag fainter than radio-loud quasars (RLQ) hosts at the
similar redshift range. The comparison of the host luminosity of intermediate redshift RQQ hosts with that for lower z sources
shows a trend that is consistent with that expected from the passive evolution of the stars in the host galaxies.
The nuclear luminosity and the nucleus/host galaxy luminosity ratio of the objects in our sample are intermediate between those
of lower redshift RQQs and those of higher redshift (z > 1) RQQs.
Key words. (Galaxies:) quasars: general – Galaxies: active – Galaxies: elliptical and lenticular, cD – Galaxies: nuclei –
Galaxies: photometry – Infrared: galaxies
1. Introduction
To understand the quasar phenomenon, and AGN in general,
it is important to study their orientation–independent proper-
ties, such as the luminosity of their host galaxies and their
large scale environment. The relationship between quasars and
their host galaxies, in particular, is a key ingredient for un-
derstanding the quasar activity, the formation of galaxies and
the strong cosmological evolution of the space density of the
quasar population (Warren et al. 1994). The shape of this evo-
lution as a function of z is similar to that of the black hole
(BH) mass accretion rate and the cosmic star formation his-
tory of the Universe (Madau et al. 1998; Franceschini et al.
1999; Chary & Elbaz 2001; Barger et al. 2001; Yu & Tremaine
2002; Marconi et al. 2004), suggesting a fundamental relation-
ship between the processes of formation of massive galaxy
Send offprint requests to: T. Hyvo¨nen
⋆ Based on observations made with the Nordic Optical Telescope,
operated on the island of La Palma jointly by Denmark, Finland,
Iceland, Norway, and Sweden, in the Spanish Observatorio del Roque
de los Muchachos of the Instituto de Astrofı´sica de Canarias.
bulges and their nuclei. Thus, studies of quasars and their host
galaxies will give us a more detailed understanding of galaxy
evolution. According to the hierarchical model of structure
formation (Kauffmann & Ha¨hnelt 2000; Di Matteo et al. 2003)
there should be a correlation between the evolution of massive
spheroids and the processes that fuel their central BHs.
Inactive supermassive BHs are prevalent in nearby in-
active massive spheroids (e.g. Ferrarese 2002; Barth 2004).
Recently, at low redshift, correlations have been found be-
tween the BH mass, and the luminosity and the central
stellar velocity dispersion of the host galaxy bulge (e.g.
Magorrian et al. 1998; van der Marel 1999; Gebhardt et al.
2000; Ferrarese & Merritt 2000; McLure & Dunlop 2002;
Marconi & Hunt 2003; Bettoni et al. 2003; Ha¨ring & Rix
2004). These findings suggest that nuclear activity is a common
phenomenon during the lifetime of a massive galaxy with re-
current accretion episodes, and that the nuclear power depends
on the mass of the galaxy.
Imaging of quasar host galaxies from space (e.g. HST)
has the advantage over ground-based observations of having
an excellent spatial resolution (narrow PSF) to resolve the
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host galaxy close to the nucleus. However, HST has a rel-
atively small aperture that translates into a limited capabil-
ity to detect faint extended nebulosity. A number of ground-
based (e.g. McLeod & Rieke 1994a,b; Percival et al. 2001) and
space-based (e.g. Bahcall et al. 1997; Hamilton et al. 2002;
Dunlop et al. 2003; Pagani et al. 2003; Floyd et al. 2004) op-
tical and near-infrared (NIR) studies of low redshift quasar
hosts (z < 0.5) have shown that both radio-quiet (RQQ) and
radio-loud (RLQ) quasars are predominantly hosted by lumi-
nous, massive elliptical galaxies that are typically brighter than
L∗ galaxies (the Schechter function’s characteristic luminos-
ity) and as bright as low redshift radio galaxies (RG). Some
of these studies also suggest that the morphology of the host
may depend on the nuclear luminosity in the sense that high lu-
minosity RQQs are exclusively hosted in elliptical galaxies (or
dominated by the spheroidal component) while low luminosity
RQQ can also be located in early-type spiral (disc-dominated)
galaxies (Hamilton et al. 2002; Dunlop et al. 2003).
To investigate the evolution of quasar host galaxies as a
function of cosmic time, observations are needed over a large
redshift range. Unfortunately, high redshift (z > 0.5) hosts have
been until recently relatively little studied because of difficul-
ties due to limited spatial resolution and the high nucleus/host
luminosity contrast (due to (1+z)4 cosmological surface bright-
ness dimming). In fact, although a number of detections of
quasar hosts at z > 1 based on ground-based (e.g. Falomo et al.
2001, 2004, 2006; Kotilainen et al. 2006) and space observa-
tions (e.g. Kukula et al. 2001; Peng et al. 2006) are available,
the only systematic observations of large samples at interme-
diate redshift (0.5 < z < 1) in the NIR have been made by
Kotilainen et al. (1998) and Kotilainen & Falomo (2000) (here-
after K98 and K00, respectively) for a total sample of ∼ 40
flat and steep spectrum RLQs (FSRQ and SSRQ, respectively).
In particular, no homogenous studies of matched samples of
RLQs and RQQs at intermediate redshift have yet been made.
Such a sample would allow to study and compare the evolution
of the hosts of both types of quasars.
The classes of RLQs and RQQs differ in their radio proper-
ties but they also appear to be different in their host galaxy lu-
minosity (Dunlop et al. 2003; Floyd et al. 2004; Falomo et al.
2004, K98; K00), in the sense that RLQ hosts are signifi-
cantly more luminous than RQQ hosts at all redshifts in the
redshift range 0 < z < 2. In addition, both types of quasars
follow the passive evolution of massive elliptical galaxies.
This is inconsistent with models of hierarchical galaxy for-
mation (Kauffmann & Ha¨hnelt 2000; Di Matteo et al. 2003),
which predict a decrease in the luminosity (mass) of the galax-
ies at high redshift, followed by an increase toward the present
epoch due to galactic mergers.
We present here a deep high spatial resolution NIR H-band
imaging study of the host galaxies of a sizeable sample of
RQQs at intermediate redshift. For all the RQQs in the sam-
ple these are the first high quality NIR imaging observations,
and the first detection of the host galaxies. The RQQ sample
was extracted from the quasar catalog of Veron-Cetty & Veron
(2003), as having 0.5 < z < 1, −24 < MB < −28, and no
radio emission listed in that catalog or in the catalog of the
FIRST 1.4 GHz survey (Becker et al. 1997). All selected tar-
Fig. 1. The absolute B-band magnitude (Veron-Cetty & Veron
2003) of the intermediate redshift RQQs and RLQs versus red-
shift. RQQs from this work are marked as filled circles, SSRQs
from K00 as open circles and FSRQs from K98 as open trian-
gles.
Table 1. The sample and the journal of observations.a
Name z V MB Date Texp Seeing ε
min arcsec
(1) (2) (3) (4) (5) (6) (7) (8)
HS 0010+3611 0.530 18.2 −24.4 27/08/2004 45 0.80 0.05
1E 0112+3256 0.764 18.9 −26.0 27/08/2004 55 0.80 0.22
PB 6708 0.868 18.6 −26.6 24/01/2005 64 0.95 0.08
KUV 03086-0447 0.755 17.5 −25.7 23/01/2005 106 0.95 0.03
US 3828 0.515 16.9 −25.1 22/01/2005 92 0.95 0.06
MS 08287+6614 0.610 18.0 −26.3 23/01/2005 73 0.85 0.10
TON 392 0.654 16.0 −25.6 24/01/2005 44 1.00 0.11
US 971 0.703 18.1 −27.1 22/01/2005 61 0.80 0.07
HE 0955-0009 0.597 16.9 −25.4 23/01/2005 104 0.90 0.04
HE 1100-1109 0.994 17.5 −25.2 22/01/2005 73 0.90 0.10
CSO 769 0.850 16.9 −24.4 23/01/2005 53 0.85 0.15
HS 1623+7313 0.621 16.3 −27.0 28/08/2004 75 0.85 0.04
HS 2138+1313 0.810 18.1 −24.9 28/08/2004 60 1.00 0.16
LBQS 2249-0154 0.832 18.7 −26.0 28/08/2004 64 0.90 0.10
ZC 2351+010B 0.810 17.5 −26.7 28/08/2004 40 1.00 0.16
a Column (1) gives the name of the object; (2) the redshift; (3) the
V-band apparent magnitude; (4) the B-band absolute magnitude;
(5) the date of observation; (6) total exposure time; (7) seeing
FWHM (arcsec); and (8) the average ellipticity of the field stars.
gets were also required to have at least one sufficiently bright
field star within 2 arcmin distance from the quasar, to allow
a reliable characterization of the PSF. In total, 15 RQQs were
observed. Fig. 1 shows their distribution in the z − MB plane,
compared to the FSRQ and SSRQ samples (K98; K00). The
average redshift and the absolute magnitude of the RQQ sam-
Hyvo¨nen et al.: Evolution of RQQ hosts 3
ple are z = 0.728 ± 0.138 and MB = −25.8 ± 0.9, respectively.
For the combined sample of FSRQs and SSRQs from K98 and
K00 the corresponding average values are z = 0.719 ± 0.138
and MB = −25.7 ± 1.0. The RQQ sample is thus well matched
with the FSRQs and SSRQs samples in both redshift and ab-
solute magnitude, allowing us to homogeneously compare the
properties of RQQs and RLQs in this redshift range. The gen-
eral properties of the observed objects are given in Table 1.
The immediate objective of this study is to resolve the host
galaxies of the quasars and to derive their global properties: e.g.
absolute magnitude, effective radius, central surface brightness
and the nucleus/host galaxy luminosity ratio. These properties
will allow us to assess the luminosity gap between the RLQ
and RQQ hosts at intermediate redshift and to investigate in
more detail the cosmological evolution of both types of quasars
between the peak of the quasar activity (z ∼ 2 − 3) and the
present epoch. The determination of the RQQ host properties
in the redshift gap 0.5 < z < 1 is an important contribution
for the study of the behaviour of the RQQ host luminosity as
a function of cosmic time. At lower redshift, volume selection
effects are more severe and current samples of resolved RQQ
are rather poorly defined. In addition, we shall investigate the
dependence of the host galaxy properties on the nuclear lumi-
nosity in our quasar sample and also compare the occurence of
close companions between RLQs and RQQs, and compared to
lower and higher redshift, in order to assess the importance of
interactions for the triggering and fueling of quasar activity.
The outline of the paper is as follows. In Section 2, we de-
scribe the observations, data reduction and the method of the
analysis. In Section 3, we present the results and discussion,
concerning the host galaxy properties, the nuclear component
and the close environment of the RQQs. Finally, summary and
main conclusions are given in Section 4. Throughout this paper,
to facilitate comparison with the FSRQs and SSRQs, H0 = 50
kms−1Mpc−1 and q0 = 0 cosmology is used. The conclusions
do not change significantly if the concordant Λ-cosmology is
used.
2. Observations, data reduction and analysis
The observations were carried out during two observing runs
in August 2004 and January 2005 at the 2.5m Nordic Optical
Telescope (NOT). We used the 1024 × 1024 pixel NOTCam
NIR detector with a pixel scale of 0.′′235 pixel−1, giving a field
of view of ∼ 4×4 arcmin2. The H-band (1.65 µm), correspond-
ing to ∼ 0.8 − 1.1 µm rest-frame wavelength, was used for all
the observations. This filter choice minimizes the nucleus/host
brightness contrast, while the extinction, the K-correction and
the contribution from quasar emission lines and scattered nu-
clear light are insignificant. In addition, these observations can
be directly compared with our previous FSRQ and SSRQ data.
The seeing during the observations, as derived from the median
FWHM size of the stars in each frame, ranged from 0.′′75 to
1.′′00 arcsec FWHM (mean and median 0.′′9 FWHM). A jour-
nal of the observations is given in Table 1. The images were
acquired by dithering the targets across the array in a random
grid within a box of about 20 arcsec, and taking a 60 sec expo-
sure at each position, always keeping the target well inside the
field. Individual exposures were then coadded to achieve the
final integration time for each object (Table 1).
2.1. Data reduction
Data reduction was performed using IRAF1 and closely fol-
lows the method presented in Kotilainen et al. (2005). Bad pix-
els were corrected for in each image using a mask made from
the ratio of two sky flats with different illumination levels. Sky
subtraction was performed for each science image using a me-
dian averaged frame of all the other temporally close frames in
a grid of eight exposures. Flat fielding was made using normal-
ized median averaged twilight sky frames with different illumi-
nation levels. Finally, images of the same target were aligned
to sub-pixel accuracy using field stars as reference points and
combined after removing spurious pixel values to obtain the
final reduced co-added image. Standard stars from Hunt et al.
(1998) were observed throughout the nights in order to provide
photometric calibration, which resulted in internal photometric
accuracy of ∼ 0.1 mag as determined from the comparison of
all observed standard stars.
2.2. 2D Analysis
Two-dimensional analysis was carried out using AIDA
(Astronomical Image Decomposition and Analysis, Uslenghi
& Falomo, in prep.), a software package specifically designed
to perform two-dimensional model fitting of quasar images,
providing simultaneous decomposition into nuclear and host
components. The analysis consists of two main parts: a) PSF
modeling and b) quasar host characterization.
2.2.1. PSF modeling
To detect the host galaxies of quasars and to characterize their
properties, the key factors are the nucleus-to-host luminosity
ratio and the seeing (the shape of the PSF). The most critical
part of the analysis is thus to perform a detailed study of the
PSF for each frame. The PSF modeling is based on fitting a
parameterized bidimensional model to the stars.
For PSF modeling, the point-like objects of the image were
classified as stars based on their FWHM, sharpness and round-
ness. When possible, a sufficiently bright, saturated star was in-
cluded in the list of reference stars in order to model the shape
of the PSF wings, against which most of the signal from the
surrounding nebulosity will be detected. The relatively large
field of view of NOTCam (∼ 4 × 4 arcmin2) and the constraint
on the quasar selection to have at least one bright star within
2 arcmin from the quasar, allowed us to reach this goal and
thus to perform a reliable characterization of the PSF. Images
with a large number of stars distributed over the field of view
have been checked to account for any possible positional de-
pendence of the PSF. No significant variations were found and
1 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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in this analysis the PSF has been assumed to be spatially in-
variant, i.e., the same model has been fitted simultaneously to
all the reference stars of the image.
For each star, a mask was created to exclude contamination
from nearby sources, bad pixels and other defects affecting the
image. Then the local background was computed in a circu-
lar annulus centered on the source, with the MMM algorithm
(from IDL Astrolib). Its uncertainty was estimated from the
standard deviation of the values computed in sectors of con-
centric sub-annuli included in this area. The region to be used
in the fit was selected by defining an inner and outer radius
of a circular area. The inner radius was set to zero, except for
bright saturated stars, thus allowing their core to be excluded
from the fitting. The outer radius was generally set to corre-
spond to a distance where the signal in the radial profile was
not significantly higher than the noise.
Stellar images were found to be slightly elliptical, with
FWHM varying from 0.80 to 1.05 arcsec and average ellip-
ticity at half maximum ε ∼ 0.15. Characteristic average values
for the stars in each quasar image are presented in Table 1. As
stated above, the goodness of the model is strictly related to
the availability of suitable stars in the images. Only six images
contain a bright enough star to model the PSF wings at radius
≥ 3 arcsec. However, for all the images we were able to ex-
tract a PSF model up to the maximum radius where the signal
from the quasar was present. The worst case in this respect is
ZC2351+010B, with only one star available due to the highly
irregular background and the presence of image defects which
prevented the use of the only bright star in the field.
2.2.2. Quasar host characterization
Once a suitable representation of the PSF was determined, the
quasar images (prepared in an identical way to that described
for the stars in the previous section) were first fitted with only
the PSF model in order to provide a first order indication of a
deviation from the PSF shape. If the residuals did not reveal
any systematic excess, the object was considered unresolved.
Otherwise, the object was fitted with a scaled PSF to represent
the nucleus, and a de Vaucouleurs r1/4 model or an exponential
disk model convolved with the PSF to represent the host galaxy,
using an iterative least-squares fit to the observed data.
With the applied procedure we have derived the luminos-
ity and the scale-length of the host galaxies and the luminos-
ity of the nuclei. An estimate of the errors associated with the
computed parameters was obtained by Monte Carlo simulation
of synthetic data sets. Simulated quasar images were generated
adding noise to the best fit model, then the fit procedure was ap-
plied to these images, producing a ”best fit” combination of pa-
rameters for each image. For each parameter, the standard devi-
ation of the best-fit values gives an estimate of the uncertainty
on the parameters under the assumption that the distribution
of the errors does not vary rapidly as a function of the values
of the parameters. Obviously, this procedure does not take into
account systematic errors generated by an imperfect modelling
of the PSF, which can be roughly estimated by comparing the
results obtained with different PSF models, statistically consis-
tent with the available data. For our worst case, ZC2351+0108,
for example, this effect produces an uncertainty of ∼ 0.6 mag-
nitude for the brightness of the host galaxy. Instead, in images
that have several suitable reference stars (e.g. TON 392), the
uncertainty is dominated by the noise.
Upper limits to the host magnitudes for unresolved objects
were computed by adding a galaxy component to the PSF and
varying its surface brightness until the model profile was no
longer consistent with the object profile.
While the total magnitude of the host galaxy can be derived
with a typical internal error of 0.2 - 0.6 mag (0.3 mag on aver-
age), the scale-length is often poorly constrained. This depends
on the degeneracy that occurs between the effective radius re
and the surface brightness µe. Estimated errors of the effective
radius and host galaxy magnitude for each target are given in
Table 2. No correlation is apparent between re and seeing or
nuclear magnitude.
At these relatively high redshifts, it is difficult to distinguish
between the exponential disk and the bulge (r1/4 law) models
for the host galaxy from the luminosity distributions. However,
in all cases a bulge model resulted in a better fit (lower χ2
value) than a disk model, and in what follows, we have assumed
that the host galaxies can be represented as elliptical galaxies
following a de Vaucouleurs model. This is supported by the
strong evidence at low redshift for the predominance of bulge
dominated hosts of quasars (Hamilton et al. 2002; Dunlop et al.
2003; Pagani et al. 2003). Note that adopting instead a disk
model would result in fainter host galaxies, by ∼0.5 mag on
average, but this would introduce no systematic differences to
our conclusions.
3. Results and discussion
In Fig. 2 we show H-band contour plots for the quasars, the
PSF model subtracted image of the host galaxy, the residuals
after the model fitting and the radial surface brightness profiles
with the best fit model from the procedure described in the pre-
vious Section. We were able to find significant deviations of
the radial profile with respect to its PSF, and thus clearly detect
the host galaxy in 12 objects, whereas the host galaxy remained
unresolved in three objects. The nuclear and host galaxy mag-
nitudes, and the effective radii of the host galaxies are summa-
rized in Table 2. The absolute magnitudes of the host galax-
ies have been K−corrected using the optical-NIR evolution-
ary synthesis model for elliptical galaxies Neugebauer et al.
(1985). The size of this correction is mH ∼ 0.16 at the aver-
age redshift of the RQQ sample, z ∼ 0.73 (see Table 2). No
K−correction was applied to the nuclear component, which
was assumed to have a power-law spectrum ( fν ∝ ν−α) with
α ∼ −1. No correction for Galactic extinction was applied since
it is negligible in the observed H-band.
Because of the three upper limits in our sample, we used
the statistical survival analysis method for right censored data
(Feigelson & Nelson 1985) to estimate the mean value µ of the
luminosity of the host galaxies. We used
µ =
r+1∑
j=1
S [x j][x j − x j+1]
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Fig. 2. The H-band images of the quasars, from top to bottom a) the original image b) the PSF model subtracted image of the
host galaxy and c) residuals after the model fitting. Panel d) shows the observed radial surface brightness profiles (solid points
with error bars) for each quasar, overlaid with the scaled PSF model (dotted line), the de Vaucouleurs r1/4 model convolved with
the PSF (long-dashed line) and the fitted PSF + host galaxy model profile (solid line). The Y-axis is in mag arcsec−2.
where S [x j] is the Kaplan–Meier estimator, x j is each value
of the sample and xr is the maximum value of the sam-
ple. The variance was also estimated using the method in
Feigelson & Nelson (1985) but its contribution to the error is
insignificant. In all cases, the upper limits to the host magni-
tudes are fainter than MH = −26.4. If the mean value is calcu-
lated using only the resolved hosts, we are biased against the
faint part of the population and slightly overestimate the lumi-
nosity.
3.1. Luminosities and sizes of the host galaxies
In Table 3, we present a comparison of the average host prop-
erties of our RQQ sample those of other previous studies on
RQQ, SSRQ and FSRQ hosts at similar and lower and higher
redshift. In order to treat these data homogeneously, the ap-
parent magnitudes reported in each literature study were trans-
formed into absolute H-band magnitudes in our adopted cos-
mology, after K-correction and colour correction, assuming av-
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Fig. 2. (continued)
erage rest-frame colours for giant ellipticals of H − K = 0.2
(Recillas-Cruz et al. 1990), R−K = 2.7 (K98), and J−H = 0.9
and V − H = 3.0 (K00).
According to the AGN unified models (Urry & Padovani
1995), FSRQs are strongly beamed objects, and in order to
avoid any bias due to the contamination from beaming (by an
unknown factor) of the nuclear luminosities of the FSRQs we
compare the results for RQQs with mainly those for SSRQs.
Fig. 3 shows the distribution of the RQQ, SSRQ and FSRQ
host galaxy absolute H-band magnitudes (this work, K00 and
K98, respectively) in the redshift range 0.5 < z < 1. The
average absolute magnitude of the 12 resolved RQQ hosts
is MH = −26.3 ± 0.6, and including the three upper limits,
MallH = −26.2 ± 0.6 for the full sample of 15 RQQs. To es-
timate the total dispersion we used the equation for the vari-
ance and added that value to the dispersion of the resolved
observations. All the observed RQQs have host galaxies with
luminosity ranging between M∗H and M∗H − 2, where M∗H =
−25.0 (Mobasher et al. 1993) is the characteristic luminosity of
the Schechter luminosity function for elliptical galaxies. RQQ
hosts belong, therefore, preferentially to the high luminosity
tail of the galaxy luminosity function. Note that the interme-
diate redshift RQQ hosts are on average ∼ 1 mag fainter than
SSRQ hosts (MH = −27.0 ± 1.2) in the same redshift range,
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Fig. 2. (continued)
even though the nuclear absolute magnitudes of the two sam-
ples are similar (MH = −27.9 ± 1.0 and MH = −28.3 ± 1.3
for RQQs and SSRQs, respectively). This difference is due to
a tail of high luminosity SSRQ hosts (MH > -27) that are not
present among the RQQ hosts. Similar difference between the
luminosities of RQQ and RLQ hosts has been found in pre-
vious studies of quasars at both lower (Dunlop et al. 2003)
and higher redshift (Kukula et al. 2001; Falomo et al. 2004;
Kotilainen et al. 2006). For our intermediate redshift RQQ and
RLQ samples, selection effects due to e.g. non-homogeneous
distribution in redshift, optical luminosity and/or modeling of
the host galaxy are irrelevant. Our results, therefore, strengthen
the conclusion from previous studies that the gap in the host lu-
minosity is intrinsic and remains the same over a wide redshift
range between z = 0 and z = 2. Note that if the host luminos-
ity is related to the bulge mass and thus to the BH mass, and
on average RLQ hosts are brighter than RQQ hosts, the BHs in
RLQs must be more massive than those in RQQs. Furthermore,
to produce a similar optical luminosity, the BHs in RLQs must
also be accreting less efficiently than the BHs in RQQs.
Fig. 4 shows the average H-band absolute magnitudes de-
rived from the various samples of RQQ host galaxies (Table 3)
as a function of redshift, based on NIR HST and ground-based
data (for explanation of symbols, see the caption of Fig. 4).
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Fig. 2. (continued)
All these data have been made consistent with our system (as
regards extinction, K-correction and cosmology) starting from
the total apparent magnitudes of the host galaxies.
Note that at z < 0.5 the scatter of the average host galaxy
magnitudes between the various samples is much larger than
that at higher redshift. Notably, the average host galaxy magni-
tudes of the low redshift RQQs observed by McLeod & Rieke
(1994a), Bahcall et al. (1997), and Percival et al. (2001) are
∼0.5-1 mag fainter than those of the majority of the low red-
shift RQQ samples. If there is a correlation between nuclear
and host luminosities (see next Section), the low luminosity
RQQs observed by McLeod & Rieke (1994a) (open hexagon)
are indeed expected to have relatively low luminosity hosts,
confirmed by comparing with their high luminosity RQQ sam-
ple (McLeod & Rieke 1994b) (filled hexagon). The case of the
discrepant value from the high nuclear luminosity RQQ sam-
ple of Percival et al. (2001) is more difficult to interpret. In the
host galaxy fitting, they used a varying β parameter, including
several cases with a pure exponential disk model, leading to
significantly lower host magnitudes than those with an ellipti-
cal galaxy model. Furthermore, from their reported data it is
not possible to ascertain the data quality (e.g. no luminosity
profiles were shown).
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Table 2. Properties of the host galaxies.a
Name z K−corr mH,nuc mH,host µbe re Re McH,nuc MdH,host Lnuc/Lhost Note χ2ps f+gal/χ2ps f
mag mag mag mag arcsec kpc mag mag
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
HS 0010+3611 0.530 0.12 15.03 17.26 14.68 1.3±0.6 10.5±5.0 −28.0 −25.9±0.3 7.8 R 0.93
1E 0112+3256 0.764 0.18 17.94 18.18 15.46 0.9±0.5 8.9±4.9 −26.1 −26.0±0.3 1.25 R 0.70
PB 6708 0.868 0.22 17.13 >18.50 −27.2 >−26.1 >3.5 U
KUV 03086-0447 0.755 0.17 15.16 17.14 14.61 1.0±0.5 9.7±4.9 −28.8 −27.0±0.3 6.2 R 0.63
US 3828 0.515 0.11 15.70 17.28 14.52 1.2±0.5 9.8±4.1 −27.3 −25.8±0.3 6.9 R 0.85
MS 08287+6614 0.610 0.13 16.45 17.42 13.97 0.8±0.4 6.9±3.6 −27.0 −26.1±0.2 2.4 R 0.65
TON 392 0.654 0.14 14.41 17.07 14.23 1.0±0.4 8.9±3.7 −29.2 −26.6±0.3 11.6 R 0.93
US 971 0.703 0.15 16.57 18.27 15.78 1.1±0.6 10.1±5.7 −27.2 −25.7±0.2 4.8 R 0.94
HE 0955-0009 0.597 0.13 15.18 >17.20 −28.2 >−26.3 >6.4 U
HE 1100-1109 0.994 0.30 15.23 17.93 17.99 2.5±0.7 27.3±7.6 −29.5 −27.1±0.2 12.0 R 0.86
CSO 769 0.850 0.22 16.42 17.99 16.19 1.2±0.5 13.4±5.1 −27.9 −26.5±0.3 4.2 R 0.98
HS 1623+7313 0.621 0.14 15.86 18.18 15.68 1.2±0.5 10.5±4.5 −27.6 −25.4±0.2 8.5 R 0.86
HS 2138+1313 0.810 0.20 15.57 >18.00 −28.6 >−26.4 >9.4 U
LBQS 2249-0154 0.832 0.21 16.38 17.43 14.36 0.7±0.3 7.1±3.1 −27.9 −27.0±0.5 2.6 R 0.67
ZC 2351+010B 0.810 0.20 16.86 18.52 16.59 1.2±0.6 12.3±6.1 −27.3 −25.9±0.6 4.6 R 0.92
a Columns (1) and (2) give the name and the redshift of the object; (3) the K−correction for first-ranked elliptical galaxies from
Neugebauer et al. (1985), interpolated to the redshifts of the RQQs; (4) and (5) the apparent H-band nuclear and host galaxy magni-
tude; (6) the effective surface brightness µe; (7) and (8) the bulge scale-length in arcsec and kpc; (9) and (10) the absolute H-band nuclear
and host galaxy magnitude; (11) the nucleus/host galaxy luminosity ratio; (12) R = resolved; U = unresolved; and (13) the ratio of the
χ2ps f+gal and χ2ps f .
b Corrected for cosmological dimming.
c The RQQ nuclei are assumed to have power-law spectra with α ∼ −1 and therefore to have negligible K−correction.
d Corrected for K−correction.
Overall, the intermediate redshift RQQ hosts follow the
same trend as RQQ hosts at lower and higher redshift. They
are consistent with a passive stellar population evolution of
massive ellipticals, in the redshift range 0 < z < 2. This sce-
nario of a passive evolution of quasar hosts agrees with the
few available spectroscopic studies of low redshift quasar hosts
(Canalizo & Stockton 2000; Nolan et al. 2001), indicating that
their stellar content is dominated by an old evolved stellar pop-
ulation. The cosmic evolution traced by quasar hosts up to z
∼2 disagrees with semianalytic hierarchical models of AGN
and galaxy formation and evolution (Kauffmann & Ha¨hnelt
2000), which predict fainter (less massive) hosts at high red-
shift, which merge and grow to form the low redshift mas-
sive spheroids. Thus, if quasar hosts are luminous spheroids
undergoing passive evolution, their mass remains essentially
unchanged from z ∼2 up to the present epoch.
The average effective radius of the 12 resolved interme-
diate redshift RQQ hosts is Re = 11.3 ± 5.8 kpc. This is in
good agreement with intermediate redshift SSRQ and FSRQ
hosts for which Re = 8.6 ± 1.9 and Re = 12.8 ± 6.0 kpc,
(K00; K98, respectively). The quoted uncertainties are due to
the dispersion of the distribution, while the individual large
dispersions due to the degeneracy between the effective ra-
dius Re and the surface brightness µe have not been taken
into account. The intermediate redshift RQQ hosts have also
similar sizes to those of both lower redshift RQQ hosts, e.g.
Re = 11.4±1.7 kpc (Dunlop et al. 2003) and Re = 8.7±1.8 kpc
(Floyd et al. 2004), and to those of higher redshift RQQ hosts,
e.g. Re = 11.6±2.5 kpc (Falomo et al. 2004) and Re = 6.5±1.6
kpc (Kotilainen et al. 2006). This confirms that the effective ra-
dius of RQQ hosts does not evolve with redshift, and suggests
that at redshift z > 0.5 the RQQ hosts have similar dynamical
structure of normal (presently inactive) elliptical galaxies.
3.2. Correlation between nuclear and host luminosity
The absolute magnitudes of the nuclear component in the inter-
mediate redshift RQQs range from MH ∼ −26 to MH ∼ −29.5,
with an average value of MH = −27.9 ± 1.0, in good agree-
ment with that of the average nuclear magnitude of SSRQs
(MH = −28.3 ± 1.3; K00). On the other hand, the nuclear
component of the FSRQs is much brighter, MH = −29.7 ± 0.8
(K98), consistent with their nuclear emission being boosted by
relativistic beaming.
If the mass of the central BH is proportional to the luminos-
ity of the spheroid of the host galaxy, as observed for nearby
massive early-type galaxies, and if the quasar is emitting at
a fixed fraction of the Eddington luminosity, one would ex-
pect a correlation between the luminosity of the nucleus and
that of the host galaxy. However, nuclear obscuration, beam-
ing, and/or an intrinsic spread in accretion rate and mass-to-
luminosity conversion efficiency, may destroy this correlation.
Our combined sample (this work; K00 and K98 covers a broad
range of nuclear luminosity (−24 < MB < −27) and can there-
fore be used to investigate this issue.
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Table 3. Comparison of average host galaxy properties with other RQQ samples.a
Sample filter N < z > MB < MH,nuc >c < MH,host >c
(1) (2) (3) (4) (5) (6) (7)
RQQ (this work) H 12 0.720±0.142 −25.8 ± 0.9 −27.8±1.1 −26.3±0.6
RQQ/R+Ub (this work) H 15 0.728±0.138 −25.8 ± 0.9 −27.9±1.0 −26.2±0.6
RQQ (McLeod & Rieke 1994a) H 22/24 0.103±0.029 −25.1±0.5 −24.9±0.6
RQQ (Taylor et al. 1996) K 19/19 0.157±0.062 −23.8±0.6 −26.1±0.9 −25.7±0.7
RQQ (Dunlop et al. 2003) R 13/13 0.175±0.01 −24.3±0.6 −25.9±0.2
RQQ (Bahcall et al. 1997) V 14/14 0.183±0.046 −24.9 ± 0.5 −25.1±0.6
RQQ (McLeod & Rieke 1994b) H 18/20 0.196±0.047 −26.5±0.9 −25.7±0.6
RQQ (Percival et al. 2001) K 12/14 0.362±0.061 −25.6 ± 0.8 −27.4±0.9 −25.0±0.4
RQQ (Floyd et al. 2004) V 10/10 0.390±0.031 −26.2±1.5 −26.3±0.3
RQQ (Hooper et al. 1997) R 10/10 0.433±0.032 −25.8±0.8 −25.6±0.5
RQQ (Kukula et al. 2001) J 4/5 0.931±0.038 −25.4±0.9 −26.1±0.5
RQQ (Falomo et al. 2004) H/K 6/7 1.519±0.165 −26.7 ± 0.8 −29.2±1.2 −26.6±0.2
RQQ (Peng et al. 2006) H 14/14 1.54±0.21 −27.9±1.2 −26.1±0.8
RQQ (Kotilainen et al. 2006) H/K 6/6 1.56±0.25 −25.5 ± 0.5 −27.3±0.5 −26.6±0.9
RQQ (Kukula et al. 2001) H 5/5 1.856±0.120 −27.3 ± 0.5 −26.6 ± 0.9
L∗ (Mobasher et al. 1993) K 136 0.077±0.030 −25.0±0.2
BCG (Thuan & Puschell 1989) H 84 0.074±0.026 −26.3±0.3
BCG (Aragon-Salamanca et al. 1998) K 25 0.449±0.266 −27.0±0.3
FSRQ (Kotilainen et al. 1998) H 9/16 0.671±0.157 −26.2±1.1 −29.7±0.8 −26.7±1.2
SSRQ (Kotilainen & Falomo 2000) H 16/19 0.690±0.088 −25.6±1.0 −28.3±1.3 −27.0±1.2
a Column (1) gives the sample; (2) the filter; (3) resolved/total number of objects in the sample; (4) the average redshift of the sample; (5)
the absolute B-band magnitude of the quasar (6) and (7) the average H-band nuclear and host galaxy absolute magnitude of the sample.
b R = resolved; U = unresolved
c Transformation of magnitudes to H-band assumes V − H = 3.0, R − H = 2.5, H − K = 0.2 and J − H = 0.9 for the hosts and H − K = 1
for the nucleus.
Fig. 5 shows the H-band absolute host galaxy magnitude
versus the absolute nuclear magnitude for intermediate red-
shift RQQs (this work), FSRQs and SSRQs (K98; K00, re-
spectively). As noted in the previous Section, the intermediate
redshift RQQs tend to occupy a region of less luminous host
galaxies than the SSRQs. However, before any conclusions are
drawn it is worth noting the obvious selection effects that could
introduce a spurious apparent correlation between the nuclear
and host luminosities. In particular, two such effects may com-
bine to depopulate the Mnuc−Mhost plane in opposite directions.
Firstly, a faint host would be very difficult to detect against a
bright nucleus (upper left hand region). Secondly, a low lumi-
nosity nucleus would be difficult to detect against a bright host
galaxy (lower right hand region). In our sample, the first effect
should not be very serious because only three RQQs remained
unresolved and their upper limits do not populate an extreme
region of the diagram. The second effect is likely to be small
because of the rareness of extremely luminous galaxies.
We find a reasonably strong nuclear luminosity dependence
of the host galaxy luminosity for the full sample of quasars
(RQQs and SSRQs), with a Spearman rank correlation coeffi-
cient RS = 0.737. This correlation is present also considering
the RQQs and SSRQs separately (RS = 0.606 and RS = 0.713,
respectively). The RLQs and RQQs in our study have a simi-
lar distribution in their nuclear luminosity, and thus we believe
this to be a robust result. Note that we have found a similar de-
pendence at even higher redshift for RLQs, and to a lesser ex-
tent for RQQs (Kotilainen et al. 2006). Since generally no such
correlation has been found at low redshift (e.g. Dunlop et al.
2003; Pagani et al. 2003), (but see e.g. Sanchez et al. (2004)
who found a correlation for low luminosity AGN), it must have
its onset at a relatively high redshift. Note that the correlation
suggests that the low redshift relation between MBH and Mbulge
holds also at high redshift, but its confirmation requires a spec-
troscopic determination of BH masses in high redshift quasars.
Note also that there is a large scatter in the relationship, possi-
bly due to varying accretion efficiency, and intrinsic scatter in
the MBH − Mbulge relation.
Assuming that the the H-band nuclear luminosity is pro-
portional to the bolometric luminosity and that the host galaxy
luminosity is proportional to the BH mass (as observed at low
redshift), the nucleus/host luminosity ratio should be propor-
tional to the Eddington factor L/LE , where LE = 1.25 × 1038 ×
(MBH/M⊙). Fig. 6 shows the distribution of the H-band nu-
cleus/host luminosity ratio for the samples of resolved RQQs,
FSRQs and SSRQs. The spread in the nucleus/host luminos-
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z
Fig. 4. The average absolute H-band magnitude of RQQ host galaxies as a function of redshift. The combined sample of re-
solved and unresolved RQQs (this work) is marked as filled circle, sample from Kukula et al. (2001) as triangles, Dunlop et al.
(2003) as inverted triangle, Percival et al. (2001) as square, Falomo et al. (2004) as pentagon, Floyd et al. (2004) as asterisk,
McLeod & Rieke (1994a,b) as open and filled hexagon, Taylor et al. (1996) as diamond, Hooper et al. (1997) as inverted pen-
tagon, Bahcall et al. (1997) as open diamond, Kotilainen et al. (2006) as open triangle and (Peng et al. 2006) as inverted open
triangle. The solid and long-dashed lines are the luminosities of L∗ (MH = −25.0 at low redshift; Mobasher et al. (1993)) and
L∗ − 1 galaxies following the passive evolution model of Bressan et al. (1998).
ity ratio for RQQs is similar to that of SSRQs but smaller than
that of FSRQs. For the resolved intermediate redshift RQQs,
the average H-band nucleus/host ratio is log(Lnuc/Lhost) =
0.71 ± 0.29, slightly higher than that in intermediate redshift
SSRQs (log(Lnuc/Lhost) = 0.58 ± 0.51), but lower than that in
the FSRQs (log(Lnuc/Lhost) = 1.32 ± 1.04), consistent with the
idea that the nuclear luminosities of the FSRQs are affected
by strong nuclear beaming. The nucleus/host ratio of interme-
diate redshift RQQs is lower than that found for higher red-
shift high luminosity RQQs with log(Lnuc/Lhost) = 1.32 ± 0.37
(Falomo et al. 2004), but is consistent with the ratio observed
for high redshift low luminosity RQQs with log(Lnuc/Lhost) =
1.00±0.44 (Kotilainen et al. 2006) and log(Lnuc/Lhost) = 0.61±
0.69 (Kukula et al. 2001). Thus, L/LE appears to depend on
quasar luminosity, being significantly higher in high luminos-
ity quasars (see Kotilainen et al. (2006)). This may indicate a
smaller accretion efficiency in low luminosity quasars.
Assuming that the R-band host galaxy luminosity is pro-
portional to the BH mass, we can estimate the BH mass
for each resolved RQQ using the relation log(Mbh/M⊙) =
−0.50(±0.02)MR − 2.96(±0.48) (McLure & Dunlop 2002;
Marconi & Hunt 2003). We have used R − K = 2.7 (K98)
and H − K = 0.2 (Recillas-Cruz et al. 1990) to transform the
H-band magnitudes to the R-band. The resulting BH masses
are given in Table 4. The average value for the BH masses
of RQQs is MBH,RQQ = 1.0 ± 0.6 × 109 M⊙, with five out
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Fig. 5. The H-band absolute magnitude of the nucleus compared with that of the host galaxy. RQQs from this work are marked
as filled circles. while SSRQs from K00 and FSRQs from Kotilainen et al. (1998) are marked as open circles and open triangles,
respectively. The arrows represent the upper limits of the host luminosity for unresolved objects. The diagonal lines represent the
loci of constant ratio between host and nuclear emission. These can be translated into Eddington ratios assuming that the central
black hole mass - galaxy luminosity correlation holds at high redshifts and that the observed nuclear power is proportional to the
bolometric emission. The diagonal lines encompass a spread of 1.5 dex in the nucleus/host luminosity ratio.
of the 12 RQQs having BH masses above 109 M⊙. This is
consistent with the average BH mass for low redshift RQQs,
MBH,RQQ = 1.05 ± 0.24 × 109 M⊙ Dunlop et al. (2003). These
values can be compared with the BH masses of the intermedi-
ate redshift RLQs, MBH,RLQ = 4.1 ± 5.6 × 109 M⊙ (K98; K00).
The BH masses of the RLQs thus seem to be about four times
larger than the BH masses of the RQQs. This may reflect a fun-
damental difference between RQQs and RLQs and supports the
idea that the radio properties of quasars depend on the mass of
the central BH.
3.3. The close environments of RQQs
Quasars often have close companions and their host galaxies
sometimes exhibit a disturbed morphology (e.g. Yee & Green
1984; Stockton & MacKenty 1987; Hutchings & Neff 1990;
Hutchings 1995; Bahcall et al. 1997; Hutchings et al.
1999). Spectroscopic studies (e.g. Heckman et al. 1984;
Canalizo & Stocton 1997) have shown that indeed in many
cases the companions are at the redshift of the quasar and are
therefore physically associated. This is consistent with the
long standing idea that strong tidal interactions and galaxy
mergers can trigger and/or fuel the nuclear activity.
Both RLQs and RQQs seem to inhabit relatively dense en-
vironments (e.g. groups of galaxies) but are only rarely lo-
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Fig. 3. Histogram of the absolute H-band magnitude of the 12
RQQ hosts (top; this work), 16 SSRQ hosts (middle; K00) and
9 FSRQ hosts (bottom; K98) at the redshift range 0.5 < z < 1.
cated in rich galaxy clusters. Although some earlier studies
suggested that RQQs are generally found in poorer environ-
ments than RLQs (e.g. Ellingson et al. 1991), the majority of
recent studies (e.g. Wold et al. 2000, 2001; McLure & Dunlop
2001) have come to the conclusion that there is no significant
difference between the large scale environments of RQQs and
RLQs. Clarifying this issue is important for understanding the
connection between the characteristics of the nuclear activity
(e.g. the level of nuclear radio emission) and the environment.
Following the method in K00, we have compared the fre-
quency of companions found around the samples of RQQs and
RLQs at intermediate z discussed in the previous sections. For
each RQQ, we counted the number of resolved companion ob-
jects, i.e. galaxies, within a specified radius that are brighter
than m∗H + 2, where m
∗
H is the apparent magnitude correspond-
ing to M∗H = −25 at the redshift of each quasar. This limit is in
all cases at least 1 mag brighter than the magnitude limit of the
Fig. 6. Histogram of the nucleus/host luminosity ratio for the
resolved RQQs (top), SSRQs (middle; K00) and FSRQs (bot-
tom; K98).
images. We selected two radii corresponding to projected dis-
tances of 50 kpc and 100 kpc around the quasar. In our adopted
cosmology, 50 kpc corresponds to ∼ 5.3 arcsec and 100 kpc to
∼ 10.6 arcsec at the average redshift of the samples, z ∼0.7.
In Table 5 we give the number of resolved companions (Nr)
within 50 and 100 kpc projected distance from each RQQ.
The average number of companions around the RQQs (this
work), FSRQs and SSRQs (K98; K00, respectively) are re-
ported in Table 6, together with the fraction of quasars that have
at least one close companion. RQQs appears to inhabit environ-
ments similar to FSRQs but richer than SSRQs. It seems that
there is not a direct link with radio propertes between RQQs
and RLQs which consistent with the results by Smith et al.
(2000); Wold et al. (2001); McLure & Dunlop (2001). From
our results it appears that neither RQQs and RLQs have sig-
nificant numbers of close companions to be important for the
triggering and fuelling of nuclear activity. However, it remains
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Table 4. The black hole masses of the RQQs.a
Object MBH/109 M⊙
HS 0010+3611 0.5
1E 0112+3256 1.3
PB 6708 <0.7
KUV 03086-0447 2.0
US 3828 0.5
MS 08287+6614 0.7
TON 392 1.3
US 971 0.4
HE 0955-0009 <0.9
HE 1100-1109 2.2
CSO 769 1.1
HS 1623+7313 0.3
HS 2138+1313 <1.0
LBQS 2249-0154 1.2
ZC 2351+010B 0.5
a Transformations of magnitudes to R-band done assuming R−H =
2.5.
Table 5. The close environments of the RQQs.a
Name z Nr Nr
(50 kpc) (100 kpc)
HS 0010+3611 0.530 0 0
1E 0112+3256 0.764 0 1
PB 6708 0.868 1 1
KUV 03086-0447 0.755 0 0
US 3828 0.515 1 1
MS 08287+6614 0.610 0 1
TON 392 0.654 0 1
US 971 0.703 0 0
HE 0955-0009 0.597 0 0
HE 1100-1109 0.994 0 3
CSO 769 0.850 0 0
HS 1623+7313 0.621 0 0
HS 2138+1313 0.810 2 3
LBQS 2249-0154 0.832 0 2
ZC 2351+010B 0.810 0 1
a Column (1) gives the name of the object; (2) the redshift of the
object; (3) the number of companions within 50 kpc radius; (4)
the number of companions within 100 kpc radius.
a possibility that the timescales of the interaction and the trig-
gering are so different that by the time of the onset of the nu-
clear activity, no detectable sign of the past interaction remains.
4. Conclusions
We have presented a near-infrared imaging study of a sample of
radio-quiet quasars at 0.5 < z < 1. In 12 out of the 15 quasars
observed, we were able to resolve the objects and to character-
ize the properties of their host galaxies. The RQQ host galaxies
at z ∼ 0.7 are luminous elliptical galaxies, with average magni-
tude MH = −26.3 ± 0.6, ∼ 1 mag brighter than low redshift L∗
Table 6. Close companions of RQQs and RLQs.a
Sample Nave Nave Nc/Ntot Nc/Ntot
(50 kpc) (100 kpc) (50 kpc) (100 kpc)
RQQ 0.27±0.59 0.93±1.03 20% 60%
(this work)
FSRQ 0.19±0.39 1.19±1.01 19% 75%
(K98)
SSRQ 0.05±0.22 0.53±0.68 5% 42%
(K00)
a Column (1) gives the sample; (2) the average number of compan-
ions within 50 kpc radius; (3) the average number of companions
within 100 kpc radius; (4) and (5) the fraction of quasars with
close companion within 50 kpc and 100 kpc radius, respectively.
galaxies. Our results are consistent with the passively evolving
stellar population that was created at high redshift (z ∼ 3 − 4).
RQQ hosts are ∼ 0.5 magnitude fainter than those of RLQs at
all redshifts in the range 0 < z < 2. The host galaxies of the in-
termediate redshift RQQs are giant ellipticals, with an average
effective radius Re = 11.3 ± 5.8 kpc. This is similar to those
of lower and higher redshift RQQs, indicating that the effective
radius of the host galaxies does not evolve with redshift. The
intermediate redshift RQQs tend to have fainter nuclear lumi-
nosity than FSRQs and SSRQs at the same redshift, suggesting
that their central engine is less powerful. RQQs have relatively
rich environments, similar to the environments of FSRQs.
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